Because most crown ethers have a cavity structure and a strong electronegative effect of heteroatoms on the crown-ether ring, which results in unique selectivity for separating polar compounds, they have been widely used for gaschromatographic stationary phases. [1] [2] [3] [4] [5] [6] [7] [8] [9] However, the use of lowmolecular-mass crown ethers is limited because of their coating difficulty, poor column efficiency, and column bleeding at high temperature. In order to overcome these problems, many efforts have been made to increase their molecular weights. [4] [5] [6] [7] [8] [9] The best of them is the synthesis of the crown ether-substituted polysiloxane stationary phase, 6-9 which offers good performance and sufficient efficiency. However, the synthesis of crown ether polysiloxanes involves several steps that are time consuming and complex.
The application of sol-gel column technology is increasing in analytical chemistry, especially, in high-performance liquid chromatography. [10] [11] [12] [13] [14] In recent years, this method has appeared in capillary gas chromatography, 15 solid-phase microextraction, 16 capillary electrophoresis, 17 and capillary electrochromatography. 18 Many efforts have been made to vary the components of sol-gel to increase the separation ability. In this paper, we describe the first attempt to synthesize an OH-DB14C4 (Fig. 1A ) capillary gas-chromatography stationary phase prepared by the sol-gel process. The phases were evaluated based on the chromatographic properties and the separation ability in comparison with sol-gel OH-TSO (Fig. 1B) and dibenzo-propyl-15-crown-5 polysiloxane (PSO-DB-3-15C5), respectively.
Experimental

Reagents
OH-terminal silicone oil (OH-TSO) was purchased from Chengdu Center for Applied Research of Silicone, China. Trifluoroacetic acid (TFA) was obtained from Beijing Chemical Factory, China. 3-(2,3-Expoxyproxy)-propyltrimethoxysilane (PTMOS), tetraethoxysilane (TEOS), poly(methylhydrosiloxane) (PMHS) were purchased from Wuhan University Chemical Factory. OH-dibenzo-14-crown-4 (OH-DB14C4) and dibenzo-propyl-15-crown-5 polysiloxane (PSO-DB-3-15C5) were synthesized by previously reported methods. 19, 20 
Apparatus
A Model SC-7 gas chromatograph (Sichuan Analytical Instrument Factory, China) equipped with a capillary splitinjection system and flame-ionization detector was used throughout. Nitrogen was the carrier gas at a liner velocity of 12 -15 cm/s. Solutes (0.5 µL) were injected using the split mode (80:1) and the injector and detector temperature were maintained at 280 -330˚C and 250 -300˚C, respectively. A centrifuge (Model LD4-2A; Beijing Medical Centrifuge Factory, China) was used to separate the sol solution from the precipitate. To mix various solution ingredients thoroughly, an ultrasonator (Model SY-1200; Shanghai Ultrasonic Instrument Factory, China) was used.
Column general procedure
To expose the maximum number of silanol groups on the silica surface, the fused silica capillaries were first treated with a 1.0 mol/L NaOH solution for 30 min and then washed with water for another 30 min; 0.1 mol/L HCl was used to neutralize excess NaOH, which was rinsed with water again. The columns were dried at 120˚C for 2 h under a slow flow of nitrogen.
Preparation of a sol-gel OH-DB14C4 column
The sol solution for the OH-DB14C4 was prepared as follows: 0.025 g OH-DB14C4 was dissolved in 400 µL methylene chloride with sonication. A 20 µL volume of PTMOS and 20 µL of TFA were sequentially added with ultrasonic agitation for 20 min. Then, 0.083 g of OH-TSO, 0.0286 g of PMHS, 30 µL of TEOS, and 30 µL of TFA containing 5% water were added to the resulting solution; the mixture was agitated for 5 min again. It was then centrifuged for 5 min at a rotating rate of 2500 r/min. The clear tap portion of the resulting sol solution was introduced to the fused silica capillary that had been pretreated in the above-mentioned steps using a nitrogen pressure of 0.5 MPa. The excess sol was expelled from the column under the same nitrogen pressure after allowing it to stay inside the capillary for 30 min. The capillary column was then purged with nitrogen for 30 min, followed by temperature-programmed heating from 40˚C to 350˚C at a rate of 2˚C/min using continued purging with nitrogen. The column was held at the final condition for 4 h.
Preparation of a sol-gel OH-TSO column
This sol-gel column was prepared in an analogous way: After 0.107 g OH-TSO, 0.025 g PMHS and 50 µL TFA containing 5% water were dissolved in 300 µL methylene chloride with sonication for 5 min, they were centrifuged. The remaining column preparation procedures were identical with that for the sol-gel OH-DB14C4 column.
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Results and Discussion
In this research, we used hydroxy-terminated stationary phases (OH-DB14C4, OH-TSO) that could chemically bind with the silanol groups of the growing three-dimensional network of the sol-gel polymer to form an organic-inorganic composite coating. The possible mechanism involved in sol-gel coating with OH-DB14C4 is given in Fig. 1 . In this technique, one or two active substituted groups in the crown ether, such as hydroxyl, are necessary for the binding. The chromatographic properties of the studied columns are demonstrated in Table 1 . At the optimum flow rate, these three columns all have high column efficiencies (>3000 p/m) and the reproducibility for the OH-DB14C4 columns is good. This indicates that the sol-gel columns possess a good film-forming ability because of the addition of OH-TSO, which can help to spread the stationary phase on the column inner surface. The tailing factors (TF) for 1-octanol at 150˚C are close to 1.0, indicating good deactivation of PMHS. Owing to the 3D network of sol-gel and the strong chemical bond between the stationary phase and the inner surface of the capillary column, the immobilization efficiencies of the columns still reached 90% after they were rinsed with 10 mL of water and 10 mL of methylene chloride, successsively.
The Grob test mixture was often used to probe the overall characteristics of the capillary columns. Figure 2 shows symmetrical peaks for both the polar and apolar components of the mixture on OH-TSO and OH-DB14C4 columns, indicating that the sol-gel stationary phases have rendered excellent column performance and deactivation quality. It is notable that the elution orders of 1,3-butanediol and 1-octanol on these two columns were reversed, which is ascribes to the strong hydrogen-bonding force of crown ethers to alcohols on the OH-DB14C4 column.
Because the sol-gel process provides an enhanced surface area, and thus increases the sample capacity for the chromatographic separation through the 3D network, it is 853 ANALYTICAL SCIENCES AUGUST 2000, VOL. 16 ; peaks: 1, diethyl phthalate; 2, dibutyl phthalate; 3, diamyl phthalate; 4, di-isohexyl phthalate; 5, di-n-hexyl phthalate; 6, diisooctyl phthalate; 7, di-n-octyl phthalate; 8, di-isononyl phthalate; 9, di-n-nonyl phthalate; 10, didecylphthalate.
important for the separation of small-molecular-mass compounds. Figure 3 shows the separation of low-molecularmass alcohols on sol-gel OH-DB14C4 and PSO-DB-3-15C5 columns. It is obvious that they were separated well on the solgel OH-DB14C4 column in contrast with the PSO-DB-3-15C5 column.
Free fatty acids are difficult to separate on GC with conventional column technology because of their high polarity. They are frequently converted into volatile derivatives of lower polarity. However, derivatization is time-consuming and difficult; especially, incomplete derivatization of these compounds may introduce significant errors in their quantitation. In this application, the sol-gel OH-DB14C4 stationary phase provides perfect separation of volatile acids without derivatization (Fig. 4) . Figure 5 shows the symmetrical peak shapes for volatile amines on the sol-gel OH-DB14C4 column. Basic compounds are especially prone to tailing on a poorly deactivated column because of the interactions between the basic analytes and the acidic surface silanol groups. The PMHS used in the sol-gel process is a well-known surface deactivation reagent that contains chemically reactive hydrogen atoms for the effective deactivation of silanol groups at elevated temperatures.
The sol-gel column technology enhanced thermal stability through the formation of strong chemical bonds between the OH-terminated stationary phases and the surface-bond silica substrate. Figure 6 shows the separation of the phthalic diesters on the sol-gel OH-DB14C4 column. They were separated well, and blowed only a small baseline drift during temperature programming to 330˚C.
The sol-gel OH-DB14C4 column shows good selectivity for positional isomers. Table 2 lists the capacity factors (κ ) and separation factors (α ) of the positional isomers of aromatic compounds on the sol-gel OH-DB14C4 and OH-TSO columns. All of the κ values and the most of the α values for the investigated samples on sol-gel OH-DB14C4 column are greater than those on the OH-TSO column, especially for those compounds containing polar groups such as dichlorobenzene, nitrotoluene and nitrochlorobenzene. These κ values on the OH-DB14C4 are twice or three-times as much as those on the OH-TSO column. There is a possibility of hydrogen bonding and dipole-dipole interactions between the polar groups of the tested samples and crown-ether stationary phase. Table 2 The capacity factors ( ) and separation factors ( ) of isomers on OH-DB14C4 and OH-TSO columns α a. 1, 2 are the relative retention of the second peak to the first peak, and of the third peak to the second peak, respectively. α α 
